To image beyond the quasi-ballistic photon regime, photoacoustic tomography systems must rely on diffuse photons; however, there still exists an optimal illumination pattern that results in the largest number of photons reaching a target at a given depth. Many photoacoustic imaging systems incorporate weak optical focusing through oblique or dark-field illumination, but these systems are not often optimized for deep light delivery. Multiple parameters and constraints, particularly for in vivo imaging, need to be considered to determine the optimal illumination scheme for a given system: beam diameter, incident angle, pulse repetition rate, laser fluence, and target depth. Monte Carlo simulations of varied beam geometries and incident angles show the best optical illumination schemes for different imaging depths. Further an analytic model based on the diffusion theory provides a rapid method of determining the optimal beam size and incident angle for a given target depth and agrees well with the simulations. The results reveal the most efficient optical focal position to maximize the number of photons delivered to a target depth, therein maximizing the PA signal. The principles and results discussed here are not limited to the system investigated, but can be applied to other system configurations to improve the photoacoustic signal strength.
INTRODUCTION
A major attribute of photoacoustic imaging is its superior depth penetration. The capability of super-depth imaging enables many potential clinical applications of photoacoustic tomography. Numerous photoacoustic imaging systems employed for human imaging experiments utilize oblique laser illumination to deliver photons to targets located in the diffusive optical regime [1] [2] [3] [4] [5] . Despite relying on diffuse photons for optical excitation of the photoacoustic signal, the illumination scheme can be optimized [6, 7] and some illumination schemes will generate greater target fluence than others. This is extremely important for clinical applications where safety is a major concern. By optimizing the laser illumination, the patient will be exposed to the minimum laser fluence necessary. Additionally, an increase in the signal to noise ratio generated by optimizing the fluence could reduce signal averaging or eliminate its necessity completely, should the application require it.
Here we show that the illumination scheme can be optimized. The optimization is predicated on several physical constraints: 1) At certain surface position relative to the ultrasound detection system, the incident angle of the laser is limited. 2) For patient safety, ANSI restricts the maximum permissible laser fluence.
3) The laser is limited in the pulse energy it can deliver to the target. We have applied these constraints and used the imaging parameters from out darkfield acoustic resolution photoacoustic microscope (AR-PAM) [8] . Additionally, only collimated beams were considered to promote broad illumination within the focal zone of the transducer. Although the results presented here are for our AR-PAM, the theoretical framework can be used to optimize other obliquely incident illumination schemes.
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Analytic model
We developed an analytic model based on the diffusion approximation of the radiative transfer equation and compared it with the Monte Carlo model. The analytic model assumes that the beam entering the sample is a series of point sources. Each point source along the beam path is then weighted for scattering and absorption, which is determined by its position along the path and distance traveled in the turbid material. The shortest distance between the theoretical point source and target is then calculated and applied to the diffusion equation for a point source [10] . The contributions from all of the theoretical point sources are integrated over the entire beam width and path length, and the result is normalized to the total energy deposited. Hence the equation for the analytic model is:
where F Norm is the normalized target fluence, is the transport interaction coefficient, and is the diffusion coefficient ( are the absorption and reduced scattering coefficients), l is the distance between the point source and the sample surface, p i is the distance between the point source and the target, is the effective attenuation coefficient, and db and dl represent infinitesimal increment in the beam width and path length respectively.
RESULTS
The optimal beam widths for various illumination angles and target depths were determined for a laser pulse energy of 0.7 mJ. The optimal beam widths were then applied to both the Monte Carlo and analytic models. Both models reveal that it is more efficient to used larger incident angles and enter the surface under the transducer closer to the target, where direct aiming is impossible. Further, both models show that as the target depth increases, so does the optimal incident angle. Figure 5 shows these results and the good agreement between the Monte Carlo and simulation models. 
SUMMARY
Although PAM relies on diffuse photon absorption for imaging deep targets, below the quasi-ballistic photon regime, there exist optimal illumination schemes that most efficiently deliver photons to the targets. Consequently, employing optimal schemes will result in higher signal to noise ratios, and/or reduces the necessary surface laser fluence. The results here were determined from applying the theoretical framework to our AR-PAM. However, the general framework is applicable to most any oblique illumination schemes. Since many photoacoustic imaging systems utilizes oblique illumination, particularly those for direct clinical applications, these results could be beneficial to many different systems and applications.
